INTRODUCTION
There are many flow situations in aeronomy and space physics where the species velocity distribution functions depart significantly from the MaxwellJan form. These departures may be a consequence of the collisionless nature of the medium, or they may result from large or rapidly varying forces acting on the medium. In the solar and terrestrial polar winds, for example, the high-speed flow of ions and electrons in a diverging magnetic field geometry results in non-Maxwellian velocity distribution functions for the charged particles in the region of the flow where the Coulomb collision frequencies are small [Brandt, 1970; Hundhausen, 1972; Holzer et al., 1971; Scherer, 1973, 1974; Schunk, 1975] . In both the solar and polar winds the species velocity distributions become anisotropic, there being different species temperatures parallel and perpendicular to the magnetic field. For solar wind protons the temperature anisotropy typically varies between a factor of 2 and 4, while in the terrestrial polar wind the temperature Paper number 8R0810.
0034-6853/79/018 R-0810506.00 anisotropy is about a factor of 10 for O + and about a factor of 20 for H + at a distance of 8 earth radii [Holzer et al., 1971] .
N on-M axwellian velocity distributions may also occur when a minor constituent of a gas mixture experiences a force that differs from the forces acting on the major constituent. In particular, non-Maxwellian ion velocity distributions occur in the high-latitude E and F regions, where convection electric fields drive the ions through the neutrals at speeds approaching several kilometers per second [Cole, 1971; Walker, 1972; St-Maurice and Schunk, 1973 Schunk, , 1974 St-Maurice, 1975] . In contrast to the solar and polar winds, where the non-Maxwellian distributions are due primarily to the collisionless nature of the medium, the non-Maxwellian ion distributions in the high-latitude ionosphere are due primarily to the nature of the collision process.
As a final example we note that Whipple [1972, 1974] has shown that the velocity distribution functions of many excited ion and neutral species depart significantly from the MaxwellJan. This departure results because the excited ions and neutrals are generally produced with initial kinetic energies that are substantially different from thermal energies and because they generally react rapidly with other species and therefore do not have time to thermalize.
There are many reasons why it is important to know the form of the species velocity distribution function. For example, many ion-neutral chemical reactions are energy dependent, and therefore they may be sensitive to the number of particles in the tail of the ion and neutral distribution functions. Likewise, the excitation rates of various auroral processes depend on the number of particles in the tail of the ion and electron distribution functions. The form of the species velocity distribution function also enters into the interpretation of ionospheric temperatures measured by groundbased (incoherent scatter radar) and in situ (retarding potential analyzer) techniques. Finally, we note that the form of the species distribution function has important implications for modeling plasma and neutral gas behavior. As has been noted by , every set of transport equations is associated with a given approximation for the species distribution function, or alternatively, every distribution function has an associated set of transport equations. Consequently, large departures of the species distribution function from a MaxwellJan imply that the standard Euler and Navier-Stokes transport equations, which are based upon a MaxwellJan, may not adequately model the gas properties, i.e., density, drift velocity, and temperature [cf. . Furthermore, in a plasma, large departures from a Maxwellian may lead to the excitation of plasma instabilities, which would invalidate classical transport theory.
In this review we do not present a general discussion of velocity distribution functions, but instead we restrict our discussion to ion velocity distributions in the high-latitude ionosphere. However, the mathematical techniques we employ to calculate the ion velocity distributions have general validity.
Interest in the extent to which high-latitude ion velocity distributions depart from a M axwellian was generated when Cole [1971] predicted large departures from the MaxwellJan form for convection (perpendicular) electric fields as small as l0 mV m -•. However, this initial study was based upon the behavior of ions in a collisionless plasma subjected to crossed electric and magnetic fields. Since collisions were neglected, the resulting ion velocity distribution was time dependent, and hence Cole was forced to define a 'mean' state for the velocity distribution before it could be used in auroral calculations of excitation and ionization rates. This mean state velocity distribution was later shown to be valid only for small electric field strengths and for a small region of velocity space around the peak of the distribution [St-Maurice and Schunk, 1973] . In a subsequent study, Schunk and Walker [1972] calculated ion velocity distributions for the high-latitude ionosphere including the effects of ion-neutral collisions. The ion-neutral collision process was described by the Boltzmann collision integral, and a solution to Boltzmann's equation was obtained by expanding the ion distribution function in an orthogonal polynomial series about a Maxwellian weighting function. Since a Maxwellian weighting function was used and only a few terms in the series expansion were considered, Schunk and Walker were restricted to small departures of the distribution function from a Maxwellian, and hence small electric field strengths or large ion-neutral collision frequencies. Nevertheless, these authors were able to determine the nature of these departures and the conditions under which they become significant; it was found that non-Maxwellian effects become appreciable for electric field strengths greater than about 10 mV m -•. It was also shown that above 200 km the ion velocity distribution is characterized by different temperatures parallel and perpendicular to the geomagnetic field, with T•_ > T•.
In order to study situations where the ion distribution function departs significantly from a Maxwellian, St-Maurice and $chunk [1973, 1974] replaced the Boltzmann collision integral with a simple relaxation collision model and thereby were able to obtain an exact solution to Boltzmann's equation. With this simple collision model it was found that the ion velocity distribution becomes highly non-Maxwellian when the ion drift speed is comparable to or greater than the neutral thermal speed. For large electric fields and small collision to cyclotron frequency ratios the ion distribution takes the shape of a torus in .velocity space, while for large electric fields and comparable collision and cyclotron frequencies the ion distribution is bean shaped.
Although the simple relaxation collision model can approximate resonant charge exchange collisions for certain applications, the Boltzmann collision integral is more appropriate for nonresonant interactions between ions and neutrals, such as between NO + and O. This latter collision combination is particularly important, since theoretical calculations by Schunk et al. [1975 Schunk et al. [ , 1976 indicate that large electric fields result in enhanced NO + densities owing to the energy dependence of the O + + N2 -• NO + + N reaction rate. For sufficiently large electric fields, NO + can even become the dominant ion throughout the E and F regions.
A method of solution of Boltzmann's equation that can be used for arbitrarily large departures of the velocity distribution function from a Maxwellian and arbitrary collision models has been discussed by Mintzer [1965] . The method of solution consists of expanding the ion velocity distribution function in a generalized orthogonal polynomial series about an arbitrary weight factor; the exact form depending on the details of the problem. For a Maxwellian weight factor the generalized orthogonal polynomial series is equivalent to Grad's expansion [Grad, 1958] , which is the expansion used by Schunk and Walker [1972] in their study of ion velocity distributions.
After studying the convergence properties of the generalized orthogonal polynomial method for the relaxation collision model [St-Maurice and , St-Maurice and Schunk [1977] applied the method to the calculation of ion velocity distributions for nonresonant (polarization) ion-neutral interactions. With this method, reliable quantitative velocity distributions were obtained for NO + and O + for electric field strengths as large as 90 mV m -•. In general, it was found that to lowest order the ion velocity distributions in the highlatitude ionosphere are better represented by two-temperature or bi-Maxwellian distributions than by one-temperature Maxwellians, there being different ion temperatures parallel and perpendicular to the geomagnetic field. This result confirmed the earlier prediction of Schunk and Walker [1972] . However, it was also found that departures from the zeroth-order biMaxwellian form become significant when the ion convection velocity approaches (or exceeds) the neutral thermal speed.
There have been several studies concerning the consequences of non-Maxwellian ion velocity distributions in the high-latitude ionosphere. Ott and Farley [1975] At 100 km the ion drift velocity is greatly reduced and rotated almost parallel to the electric field. At all altitudes the electron drift velocity is in the El x B direction, since the electron-neutral collision frequency is much less than the electron cyclotron frequency throughout the E and F regions. Adapted from Banks [1978] .
rates of the instability, as determined from linear theory, were found to depend on the ion composition because the NO + velocity distribution is more stable than the O + velocity distribution for the same set of conditions. The electron density and temperature were also found to play an important role.
The effect that non-Maxwellian ion velocity distributions have on energy-dependent chemical reactions has been studied by St-Maurice and Torr [1978] . Particular attention was given to the reactions of O + with N2, 02, and NO. As it turned out, St-Maurice and Torr found that the chemical reaction rate coefficients are essentially 'thermal' in the atmosphere, i.e., the same as those determined in the laboratory for afterglow experiments or any other measurement where the ions are in thermal equilibrium with the buffer gas. The close agreement between the rate coefficient in a rapidly convecting ionosphere and its thermal value is somewhat fortuitous and is due in part to the fact that the mean mass of the neutral atmosphere is approximately the same as the mean ion mass. The effect that non-Maxwellian ion velocity distributions have on ionospheric modeling at high latitudes has been studied by Schunk et al. [1975 Schunk et al. [ , 1976 . The major effect enters through the ion momentum equations and arises as a result of the anisotropic or bi-Maxwellian character of the ion velocity distributions. In essence, it is the ion temperature parallel to the geomagnetic field that affects the vertical structure of a convecting F layer, not the 'kinetic' ion temperature. Use of the isotropic kinetic ion temperature in high-latitude ionospheric modeling could result in ion density errors of greater than a factor of 2 at 600 km.
As a final item we note that evidence for the existence of non-Maxwellian ion velocity distributions in the high-latitude ionosphere has been presented by Swift [1975] using data obtained with the Chatanika incoherent scatter radar and by St-Maurice et al. [1976] using data obtained with the retarding potential analyzers on the Atmosphere Explorer satellites. The latter study in particular presents evidence for non-Maxwellian ion velocity distributions qualitatively similar to those calculated by St-Maurice and Schunk [1973, 1974] .
In the sections that follow, we discuss in more detail the studies outlined above. In the next section we describe the high-latitude ionosphere as it relates to the calculation of ion velocity distributions, and we present the basic equations. In section 3 we present an exact solution to Boltzmann's equation for a simple relaxation collision model, while in section 4 we discuss orthogonal polynomial series solutions of Boltzmann's equation using rigorous collision models. Section 5 is devoted to a discussion of ion-neutral scattering cross sections. In section 6 we present the experimental evidence for non-Maxwellian ion velocity distributions and compare it with the theory. Sections 7, 8, and 9 are concerned with the consequences of non-Maxwellian velocity distribution functions; in section 10 we present our conclusions.
THEORETICAL FORMULATION
The high-latitude ionosphere does not corotate with the earth like the mid-latitude ionosphere, but instead it moves under the influence of the magnetospheric electric field [e.g., Axford, 1969] . The effect that this electric field has on the ionospheric ions depends on both altitude and time [Fedder and Banks, 1972; Roble and Dick&son, 1972] . Shortly after the onset of a magnetospheric disturbance the ions display a drift pattern similar to that shown in Figure 1 . At low altitudes, where the different ion-neutral collision frequencies are greater than corresponding ion cyclotron frequencies, the ions drift in the direction of the magnetospheric electric field (Pedersen drift). As altitude increases, the ion velocity vectors rotate toward the E• x B direction owing to the decreasing ionneutral collision frequencies. At F region altitudes, both ions and electrons drift in the E• x B direction (Hall •ift).
As time passes, the neutral gas accelerates in the Pedersen and Hall directions owing to ion drag. The acceleration of the neutral gas in the Hall direction tends to cancel the Pedersen component of the ion drift [e.g., Fedder and Banks, 1972; StMaurice and Schunk, 1974] . This, in turn, results in a smaller Pedersen component for the neutral gas. The net effect is that as time passes, the velocity of the plasma-neutral gas mixture tends to rotate toward the Hall direction at all altitudes, a process that acts to cancel the effect of the magnetospheric electric field. At most altitudes, however, viscosity, inertia, and back pressure in the neutral gas'act to prevent the rotation of the neutral gas [Roble and Dickinson, 1972; Heaps, 1974] .
At F region altitudes the magnetospheric electric field produces an ionospheric convection pattern similar to that shown in Figure 2 In this review we confine our attention to the altitudes where the various ion-neutral collision frequencies are much greater than the relevant Coulomb collision frequencies. For typical polar cap electric field strengths this limits our results to the E and lower F regions, but for the large electric fields that have been observed in the trough our results may apply to altitudes as high as 400 km owing to the decrease in the Coulomb collision frequencies with increasing electric field (e.g., increasing ion temperature). At the altitudes of interest the plasma is weakly ionized, NO +, O2 +, N2 +, and O + being the dominant ions and N2, 02, and O being the dominant neutrals.
The In most of our analysis it is convenient to introduce the random or thermal velocity ct, defined by
where ( As far as the collision term is concerned, the appropriate expression for binary elastic collisions between ions and neutrals is the Boltzmann's collision integral -f dl2gi,ai,(g,,, (9) (f,'f,' -ftf,)
where the subscript n denotes the neutral species, dV,• is the volume element in velocity space, d•2 is an element of solid angle in the center-of-mass reference frame, (9 is the center-ofmass scattering angle, gin is the relative velocity of the colliding particles i and n, ain(gi,•, (9) is the differential scattering cross section, and the primes denote quantities evaluated after a collision. In its present form, Boltzmann's collision integral can be applied to arbitrary elastic scattering mechanisms. In our discussion we consider ion-neutral collision processes dominated by the long-range polarization interaction and by resonant charge exchange between an ion and its parent neutral. We describe both processes by the so-called Maxwell molecule interaction; i.e., the ion-neutral collision frequency vt, is assumed to be independent of velocity. A further discussion of ion-neutral collision processes is given in section 5. In addition to the Boltzmann collision integral, we also consider a simple relaxation collision model [Bhatnagar et al., 1954] where bfi/bt = -v,(fi-fm)
f,• = nt(m,/2•rkT,) a/2 exp (-miVi2/2kT,)
is a M axwe!!ian distribution at the temperature of the neutral gas T, and v, is a velocity-independent ion-neutral collision frequency. When using this simple collision model, we also assume that there is a single ion and neutral species. The effect of the relaxation model (9) is to drive the ion velocity distribution toward the stationary MaxwellJan (10) at a rate governed by the relaxation time vi -• Throughout the review we assume that the neutral temperature is constant and that the neutral atmosphere is stationary. Since the ion velocity distribution approaches a steady state distribution with a characteristic time which is less than 5 s at all altitudes below 300 km [St-Maurice and Schunk, 1973], these assumptions are not restrictive. The effect of neutral gas motion can be included simply by transforming from a frame of reference that is fixed to the earth to one that is moving with the neutral gas velocity, (Vn). In the moving reference frame the effect of neutral gas motion is felt only through an effective where we have assumed that at t = 0, f, = f,c. Equation (14) indicates that the initial distribution f•c is damped out with the charaCteriStic time ta = vi -•. Representative values for ta are shOWn in Table I 
and where I0 is the modified Bessel function of order zero which is bounded for small arguments [Hildebrand, 1964] . If we further assume that the electric field strength is large, the ion velocity distribution (16) can be simplified by replacing the Bessel function I0 with its asymptotic limit for 7el >> I. When this is done, 
Small Collision Frequency Limit
Equation (19) indicates that in the large electric field-small collision frequency limit the ion velocity distribution does not peak at the drift velocity point (u = 0, v = D, w = 0), as is the case with a displaced M axwe!!ian, but instead exhibits a peak along a circle defined by (u = 0, c• = D). The width of the distribution about this circle is governed by the neutral thermal speed Vrn. Therefore in the large electric field-small collision frequency limit the ion velocity distribution takes the shape of a torus in velocity space.
The formation of the torus with increasing electric field strength can best be seen by plotting contours of the ion distribution function (15). Since the effect of the electric field is felt only in velocity planes perpendicular to the magnetic field for the relaxation collision model (see below), it is only necessary to present results for perpendicular velocity planes. In Collisions act to destroy the coherent ion motion and drive the ion distribution to a steady state distribution. For the ionospheric plasma this steady state distribution is approached with a characteristic collision time which is less than 5 s at all altitudes below 300 km. In the steady state, all information about the initial ion distribution is lost, and the ion velocity distribution depends only on the electric and magnetic field strengths, the ion collision to cyclotron frequency ratio, and the neutral temperature.
For small values of v•/[2t the ions gyrate many times about the magnetic field before they suffer a collision, and the general behavior of a distribution of ions.is similar to the collisionless behavior described above. Now, however, a steady state ion distribution is possible, and in the steady state there are an equal number of ions at any point along a given ion trajectory. In this case the spread in radii and the location of the circular ion trajectories along the magnetic field are determined by the velocity spread of the neutral distribution. This is in contrast to the collisionless case, where they are determined by the velocity spread of the initial ion distribution.
The dependence of the steady state ion distribution on the parameters characterizing the neutral velocity distribution can be shown by using simple physical arguments and the properties of the relaxation model. In the time interval between collisions the equations describing the ion motion are given by (21)-(26). Now, however, the velocity components (u', t)', w') correspond to the ion velocity immediately after the collision.
When the simple relaxatiOn model is used to describe the ionneutral collision process, the ion acquires the neutral velocity after the collision. Since the neutral gas is assumed to be stationary, we expect that on the average, • (v') = (w') = 0 . This spread is a measure of the half width of the ion distribution in the perpendicular velocity plane. The half width of the ion distribution in the magnetic field direction is also equal to the neutral thermal speed, since the ion distribution along the magnetic field is a M axwe!!ian distribution with the temperature of the neutral gas. The ion distribution therefore has the appearance of a torus in velocity space. Since in practice one considers only a limited number of terms in the series expansion, the zeroth-order distribution should be selected with care. In general, a well-chosen zerothorder distribution function yields expansion coefficients which decrease rapidly as the order of the coefficients increases. However, for every zeroth-order distribution function there is an associated set of transport equations for the expansion coefficients, and consequently, if a complex zeroth-order distribution function is selected in order to get close to the expected form of ft, it may be difficult or impossible to solve the resulting set of transport equations. Therefore for highly nonequilibrium flows the zeroth-order distribution function must be reasonably close to the expected form of ft so that the series expansion can be truncated at a fairly low order, yet it must be simple enough to yield reasonable transport equations for the expansion coefficients.
Once the zeroth-order distribution function has been selected, the next step in Mintzer's method is to construct a set of orthogonal polynomials, M•, by using the zeroth-order distribution function as the weight factor in the orthogonality relation for the polynomials,
where N• is the normalization factor and b,•.,•, is the Kronecker delta. If the polynomial set is formed from the ordered complete set of monomials (1, ct, ½tc•, ½ictct, ... ), the resulting polynomial set constitutes a complete set of orthogonal polynomials. The specification of the weight factor, the monomial set, and the integration interval completely determines the set of orthogonal polynomials. For example, if a local M axwe!!ian is selected as the weight factor and if a rectangular coordinate system is adopted in velocity space, the appropriate polynomials are the Hermite polynomials, which were used by Grad [1949 Grad [ , 1958 .
The unknown expansion coefficients appearing in the orthogonal series for ft can be expressed in terms of velocity 
In the subsections that follow, we discuss ion velocity distributions calculated from series expansions based upon Maxwellian, bi-Maxwe!!ian, and toroidal velocity distribution functions.
Expansion Based on a MaxwellJan
If the ion-neutral collision frequency is sufficiently large, one would expect that the ion velocity distribution is approximately Maxwellian. In this case it is logical to select a local Maxwellian as the weight factor in the series expansion ( 
where c• is the ion random velocity (5) and Tt is the ion temperature. As was noted above, if a MaxwellJan is selected as the weight factor and if a rectangular coordinate system is adopted in velocity space, the appropriate orthogonal polynomials for the series expansion (31) are the Hermite polynomials [Grad, 1958] ; these polynomials are defined in Appendix A.
Within the Grad formulation, various levels of approximation are possible depending upon the number of terms retained in the series expansion (31). These include the 5-, 8-, 10-, 13-, and 20-moment approximations. In the 5-moment approximation, the ion distribution function is assumed to be represented adequately by the first term in the series expansion, i.e., by a MaxwellJan. At this level of approximation the behavior of each ion species is expressed in terms of just the species density, drift velocity, and temperature.
Equations relating the moments of the ion distribution function to the electric and magnetic fields are obtained by taking velocity moments of Botlzmann's equation. Multiplying (7) and (8) (35)), and the distribution broadens owing to the electric field induced enhancement in the ion temperature (equation (36)). Since the electric field is perpendicular to the magnetic field, there is no ion drift along B, and consequently, the ion velocity distribution is symmetric about u = 0. At this point it is convenient to compare the distributions obtained from the simple relaxation collision model with those presented above for the Boltzmann collision integral with a polarization interaction. However, in order to illustrate clearly the differences between the collision models it is necessary to evaluate the corresponding ion distribution functions to the same level of approximation. Therefore rather than use the exact solution presented in section 3, we calculate a 13-moment approximation of ft for the relaxation collision model.
In order to calculate departures of ft from the Maxwellian form, it is necessary to include additional terms in the series expansion (31). A particularly useful level of approximation is
As is the case with the Boltzmann collision integral, the expansion parameters appearing in (38) can be calculated by taking velocity moments of the appropriate Boltzmann equation. Multiplying (7) Non-Maxwell molecule behavior can arise from two processes. First, quantum effects introduce the small modifications which we already discussed in preceding paragraphs. NonMaxwell molecule behavior can also arise from the presence of short-range repulsive forces in the ion-neutral interaction. One effect of short-range repulsion is shown in Figure 17 nier [1970] and will not be repeated here. The important point to note is that the departure of Q./x) from a !/g.• dependence is not too significant (less than 40% for a 12-4 potential) for relative kinetic energies of less than about 10e. As will be discussed below, this energy range covers typical relative kinetic energies found in the ambient high-latitude plasma, and consequently, for most auroral applications it is reasonable to assume that Q,,/ Table 4 for the relaxation collision model.
MEASUREMENTS AND EMPIRICAL EXTENSION OF THE THEORY
The detection of non-Maxwe!!ian features in the ion velocity distribution at high latitudes has been reported in two papers thus far. In a brief report, Swift [1975] Table 5 ). The reasons for this behavior were discussed earlier.
V, is the component of the ion drift parallel to the line of sight of the analyzer, MOL is the sum of the densities of the molecular ions, M is

7.
PLASMA INSTABILITIES Plasma instabilities are known to be excited at high latitudes in the E and lower F regions when the current produced by strong dc electric fields is large enough that the electron Hall drift exceeds the ion thermal speed [e.g., Lee et al., 1971; Buneman, 1963 : Farley, 1963 . Under the same conditions an instability with a near-perpendicular wave vector and having very nearly the same frequency and wavelength as the currentdriven instability is also excited in the F region even though there is no perpendicular current in this region. The instability is a result of the anisotropic character of the ion velocity distribution, which is most pronounced above 150 km, where •'i << •2,, and when the electric field is so strong that the ion velocity distribution is forced by ion-neutral collisions to peak at a finite value of c•_ -• 0 (D* > 1.25).
The instability problem in the high-latitude F region was first examined by Ott and Farley [1975] In Table 6 we show a representative sample of the results. By inspection of (70) and (71) and of Table 6 we can see the role played by the various plasma parameters in the determination of toe, ?,, and the maximum growth rate CO•m,x. First, there is a strong response as a function of the electron density ne, which is a result of the role played by COoe2/f•e a in (70) and (71). The ratio COoe•'/f•e a goes from much smaller than 1 to much greater than 1 as the electron density increases from 103 to 106 cm -3, which is a typical range for high-latitude situations. For the frequency we find from (71) and Table 6 As a way to bracket the effect on energy-dependent rates of highly non-Maxwellian distributions, St-Maurice and Torr [1978] chose to describe the ion velocity distribution with (16) and (65) and the high value D* = 2. They found that the rate is increased by the excess of high-energy particles at speeds between the thermal speed and twice the thermal speed. However, they found an increase over the thermal value of only about 20%, even at Tt -• 6000øK for the reaction of O + with Na. This results because the very high energy tail of the distribution (equation (65)) contains fewer particles than a Maxwellian with the same temperature. Figure 27 summarizes the results for the highly energy dependent O + + Na reaction. This figure shows the behavior of the rate coefficient as a function of Teff= 2KEcm/3k under various sets of conditions, using the cross-section calculations presented by Albritton et al. [1977] . Curve A represents ionospheric conditions for both Maxwellian (U = 0) and bi-Maxwellian distributions for U :• 0. The calculations cover a range of neutral atmospheres varying from pure molecular nitrogen to pure atomic oxygen. The spread in the data points used to plot curve A is less than 5% of the mean. The results demonstrate that Tefr (or KEcm) is a good variable to parameterize a rate coefficient in many atmospheric applications. These results also mean that unless T•rr > 4000øK, the reaction rate coefficient in the mid-latitude ionosphere or the high-latitude F region is the same as the thermal rate coefficient, i.e., essentially that given by curve A.
In the convecting regions of the 'topside' ionosphere (where the ions are assumed to be Maxwellian) the reaction rate is slightly smaller than thermal for the O + + Na reaction. This is shown by curve F in Figure 27 To illustrate the importance played by an ion to neutral mass ratio of order 1 in atmospheric applications, the reaction rate coefficient for the O + + Na reaction was calculated under the assumption that the ion velocity distribution in the atmosphere was a drifting Maxwellian, but with a helium 'buffer' and the relation between Tt and U still given by (68) (curve B). Although this case is unrealistic, since the main atmospheric constituent is seldom helium, it illustrates well the role played by the ion to neutral mass ratio in the calculations. The rate in this case is smaller than thermal by as much as a factor of 2 for rerr> 1500øK. Therefore in general, care must be exercised when using thermal rate coefficients in the study of planetary 
